The temperature dependence of the relaxation times of Cu 46 Zr 46 Al 8 glass was measured by means of mechanical spectroscopy and static stress-relaxation measurements.
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Introduction
The structural dynamics of glasses is perceptible by probing different physical properties. In the liquid state, the characteristic times corresponding to different transport properties like viscosity, conductivity or diffusivity may show specific behaviors, but they all become strongly coupled near the glass transition. In the case of structural glasses, the relaxation of the structure is commonly explored applying static or oscillating electrical, mechanical or thermal stresses [1] . In many systems, the temperature dependence of the relaxation times above the glass transition temperature, T g , can be described by a VogelFulcher-Tammann (VFT) equation [2] [3] [4] [5] Eq.1 where B and T 0 are empirical parameters characterizing the time dependence of a particular substance. The VFT function is usually not able to describe the liquid phase dynamics in the whole temperature range; the validity of Eq. 1 is in general restricted to a range of temperatures just above T g .
The diverging slowing down of the liquid dynamics when T→T 0 is stopped when the system becomes arrested in the non-equilibrium glassy state. At temperatures below glass transition, an equation proposed to describe the dynamics of the glassy state is [6] ߬ ‫ܶܨܸ‬ ሺܶሻ = ߬ 0 exp ൬ ‫ܤ‬ ܶ − ܶ 0 ൰
Eq.2
where T f is the fictive temperature defined as the point where the glass behavior converges with the liquid. In this work we will call Eq. 2 as the Adam-Gibbs-Vogel (AGV) function [7] . Within the approach to glassy dynamics given by the AGV-function, T f is the parameter defining the particular isoconfigurational glassy state achieved during the cooling process. Eq. 2 is equivalent to consider an Arrhenius behavior of the relaxation time with activation energy E act =RB/(1-T 0 /T f ).
The non-equilibrium glassy phase is susceptible to change towards more stable configurations, this process is termed physical aging or structural relaxation and drives the glass to configurations with slower dynamics. Because of aging the relaxation times may change orders of magnitude [8, 9] , going from ~10 2 seconds to hundreds of hours or years depending on the temperature and the particular glassy state. The intrinsic relationship between the aging time and the relaxation time makes the time-evolving dynamics of glasses below T g a complex non-linear problem [10] . Secondary or β-relaxations, faster than the main α-relaxation, are also a characteristic phenomenon of glassy systems.
Usually, β-relaxations show an Arrhenius behavior below some departure point where they decouple from the main relaxation [11] . Although the presence of a secondary relaxation seems a universal feature of the glass transition, the microscopic origin, decoupling temperature, intensity and activation energy are unclear in many glassy substances.
In metallic glasses, the α-relaxation times are typically obtained from viscosity, calorimetric or mechanical spectroscopy measurements. Above T g , the relaxation times are usually well described by a VFT behavior [12] [13] [14] [15] [16] . Below T g , physical aging may change
the system state by annihilation of excess free volume [17] or other structural changes [18] , while the dynamics of isoconfigurational glassy states follows Arrhenius behaviors [19, 20] .
Mechanical spectroscopy revealed the presence of β-relaxations in metallic glasses [21] .
Some systems show a prominent β-relaxation peak [22, 23] , while other systems does not
show an evident secondary relaxation but just a low-temperature excess wing of the main relaxation peak [24] [25] [26] [27] . The presence of pronounced β-relaxations in metallic glasses has recently been associated to similar negative heats of mixing between the constituting elements of the alloy [28] .
Interestingly, there is a link between the activation energy of relaxations below T g and the initiation of mechanical flow events [29] [30] [31] and secondary relaxations are also considered the origin of physical aging or structural relaxation below T g [32, 33] . Physical aging and the corresponding change of fictive temperature may drive metallic glasses from ductile to brittle fracture behavior [34, 35] or change chemical properties like the corrosion resistance [36] . The understanding of the relaxation spectrum of metallic glasses is then a key knowledge to control their properties and it has deep technological implications. 
modulus E*(ω,T)=E'(ω,T)+iE''(ω,T).
Micro alloying of Al in the Cu-Zr-Al system suppresses the low temperature shoulder of the α-relaxation peak and the relaxation below T g is only perceived as an excess wing of the E''(ω,T) [28] . We will show that the full shape of the experimental E''(T) can be understood considering a single Cole-Cole (CC) relaxation function Eq.3 with τ(T)=τ VFT (T) and τ(T)=τ AGV (T) above and below T g respectively. The α parameter in Eq. 3 characterizes the broadening of the relaxation peak. The validity of this model will be confirmed by means of static measurements of stress-relaxation, which give us direct access to the time domain response. We will also compare the relaxation response between as-quenched and relaxed glasses. We will show that the low-temperature, slow relaxations of Cu 46 Zr 46 Al 8 are described by the proposed VFT-AGV scheme if the glassy state do not suffer significant structural changes during the measurement. Finally, we will discuss the implications of the relaxation scheme proposed here on the mechanical properties of metallic glasses.
Materials and methods
Master alloy with a nominal composition of Cu 46 Zr 46 Al 8 was prepared by arc melting a mixture of constituent elements with a purity of above 99.9% under a Ti-gettered argon atmosphere. The master alloy was re-melted twice to ensure compositional homogeneity.
The melt was quenched by injecting on a copper spinning wheel in a melt spinner device.
The resulting ribbons had a thickness of 30±3 µm and a width of 1.5±0. glass [37] , while the crystallization at higher temperatures is not affected by the preannealing protocol as the memory of the system is lost once heated above the glass transition.
The tensile DMA measurements were performed on melt spun ribbons applying a heating rate of 1 K/min and frequencies between 0.1 and 50 Hz. The frequency response was obtained by applying oscillating tensile strains of 1µm amplitude on pieces of ribbon of about 10 mm length. Data was taken at temperature steps of 4 K from 500 K up to 750
K. The static stress-relaxation measurements were performed applying 'instantaneous' tensile deformations of amplitude ε∼10 -3 , corresponding to an initial elastic stress of σ 0 ∼50−60 MPa, and then measuring the stress decay during 1 hour. These measurements were performed in a Dynamo-Mechanical-Analyzer Q800 of TAinstruments.
The onset of glass transition is found at T g =695 K when measured by DSC at 10 K/min. Therefore, the annealing protocol is expected to drive the system to a sufficient relaxed state as to avoid significant structural changes below ~690 K while heating at 1 K/min, thus ensuring the mechanical response E*(ω,T) corresponds to an isoconfigurational glassy state. wing by annealing. Following the same method as in ref. [38] , the data sets obtained at each temperature were fitted to the CC-function of Eq.3. The value of E 0 (T) is taken constant and equal to E 0 =E'(T=500 K) and the two fitting parameters are then α(T) and τ(T). The fitting CC-functions at some selected temperatures are shown in the inset of figure 2 (top).
Results
For the relaxed samples, the values of α(T) show some dispersion around an average value α=0.35±0.06 with no clear tendency to increase or decrease with temperature. The inset of figure 1 (bottom) shows the E'' data points collected for all temperatures and frequencies as a function of ωτ(T). Within the frequency and temperature window explored, the data is well described by a single peak with no observable change in the slope of the highfrequency wing, which would be indicative of a merged secondary process [39] .
The τ(T) values obtained by fitting Eq. 3 to the experimental data are depicted in For the case of the as-quenched glass, the DMA measurements in the non-equilibrium region (T<700 K) do not correspond to a single isoconfigurational state. As the temperature rises the sample undergoes structural changes. In DMA measurements with tensile geometry this changes are readily observed by the increase of the storage modulus E'(T) due to structural relaxation [32, 38] . In order to model the relaxation response of the asquenched samples by Eq. 3, we define two temperature regions: T<675 K and T>700 K. In the first region, we fix E 0 =E' aq (T=500 K), the storage modulus measured in the asquenched samples before structural changes are detected. In the second region T>700 K,
we fix E 0 =E'(T=500K) measured for the relaxed glass, which is 15% higher than E' aq (T=500 K). The region between 675 and 700 K, where the system shows the more intense structural changes, is not fitted. 
Discussion
Within the explored frequency and temperature windows, the above results show that the mechanical response of Cu 46 Zr 46 Al 8 can be modeled by a single α-relaxation and liquid and glassy dynamics given by the VFT and AGV functions. Similar to dielectric spectroscopy studies of other glassy substances, like inorganic or polymeric glasses, the CC-function is able to capture the characteristics of the relaxation in the frequency domain [41] . Here, it should be noted that the low frequency (high temperature) wing of the relaxation peak is not covered by this study. At 1 K/min the onset of crystallization is observed at T=745 K, inhibiting the access to the high-temperature wing. If the low frequency wing could be measured, it is possible that a complete Havriliak-Negami function with an asymmetry parameter γ≠1 would be necessary for describing the shape of the peak. However, the estimation of the τ(T) values and the exponential decay of the highfrequency wing (given by the α parameter of the CC-function) would not change significantly.
The results obtained here are consistent with those obtained for Mg 65 Cu 25 Y 10 [38] , a metallic glass with a very different chemistry. In both cases, only a single relaxation process was necessary to understand the glass-liquid dynamics within the frequency and temperature window probed (f<100Hz). We must also note that the AGV function is a good description of the glass dynamics only if the glass is in an isoconfigurational state. Physical aging of metallic glasses has been recently studied by X-ray photon correlation spectroscopy (XPCS) in Mg 65 Cu 25 Y 10 and Ni 33 Zr 67 glasses [8, 43] . The complex aging behavior found in those works cannot be described by the simple VFT-AGV scheme proposed here. However, if the validity of the VFT-AGV description was verified in other metallic glasses, it may give a useful tool to estimate the relaxation times and associated properties as function of the fictive temperature of the glass.
In other works, the low-temperature excess wing was modeled considering a β-process merged with the α-peak [25, 32] . Although only the presence of the α relaxation is needed to explain the excess wing of Cu 46 Zr 46 Al 8 , a secondary relaxation with very low intensity could be merged with the main loss peak. However, as in the case of Mg 65 Cu 25 Y 10
[44], the structural changes underwent by the as-quenched state during annealing at T>0.8T g can be associated to α-relaxation. As discussed above, the structural processes responsible of structural relaxation are linked with the fundamental deformation events originating plastic deformation of metallic glasses [30] . Therefore, in Cu 46 Zr 46 Al 8 , these events could be associated to molecular rearrangements belonging to the broad peak of the α-relaxation. Let us now discuss the implications of such hypothesis.
Considering a well relaxed glass (T f ∼T g ) and relaxation times following Eq.2, the average activation energy of structural relaxation below T g would be determined as
Considering metallic glass systems with equilibrium dynamics above T g determined by viscosity measurements and well described by a VFT behavior, the activation energy of the primary glass relaxation below T g can be estimated from the B and T 0 parameters. This E act is consistently well correlated with the W STZ , the estimated work to activate a shear transformation zone [30, 45] , with E act being 30-40% higher in most of the systems. Concerning to the effect of the fictive temperature, the ratio of activation energies of two isoconfigurational states would be 
Conclusions
A good description of liquid and glass dynamics is necessary to control processing conditions and physical properties of glasses. In this work, measurements of loss modulus and stress-relaxation times of Cu 46 Zr 46 Al 8 suggests that the relaxation behavior of this metallic glass can be well described by the VFT-AGV equations, at least within the frequency and temperature windows explored. Furthermore, the results presented here show that the low-temperature excess wing of internal loss is generated by the high-frequency tail of the α-relaxation, in contradiction to other glass-forming alloys where β-relaxation is considered the main mechanism driving structural changes below T g . Further experimental work is needed to check the validity of this relaxation scheme in other metallic glass systems. This may confirm the relaxation scheme proposed here as a useful picture for understanding the effect of the relaxation state on the mechanical properties of metallic glasses. 
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